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1.0 Introduction

The subject contract is the final one in a series which
dates back to 1969. At that time, Weston Observatory (Boston
College) under contract F19628-68-C-0094, was packaging for
AFGL, instrumentation flown on ionospheric/magnetospheric
sounding rockets. When the Air Force (AFGL) decided to curtail
the ionospheric experiments and to install a network of
magnetometers, Weston Observatoy, because of its experience in
constructing a magnetic observatory, was asked to submit a
design of and specifications for the housing of the
magnetometers and all associated electronics. The report was
accepted and Weston Observatory continued through a series of

* contracts (1) to cooperate with Air Force personnel in the
installation and maintenace of the Air Force Magnetometer
Network and in the processing of the data produced by the
Network.

The Network has been described by Knecht et al. (2).
Figures Ia and lb show the locations of the seven stations of
the Network. Figure 2 illustrates a typical geomagentic
station of the Network.

Procurement of the trailers and accessory equipment began
in the Spring of 1973. Prior to that time the Air Force had
initiated the purchase of the fluxgate magnetometers (from
UCLA) and the induction coil magnetometers (from Geotronics
Corp.). As the equipment was delivered to Weston, it was
tested, installed in the trailers, and shipped to the sites.
The dates of installation are shown in Table 1. The
installation process was slow. There were uncertainties in
funding since all contracts had the "subject to limitation of
funds" clause. There were many delays in delivery of
equipment; the distances involved were large. In contract
reports (1) the hazards (rattlesnakes), problems (lightning)
and modifications of the equipment are cited in detail. In
July 1983, the Air Force decided that the network would cease
to operate on December 30, 1983. The contract continued until
September 1984 with the sole objectives of processing the
accumulated data and of dismantling the stations.

Table 1

SITE DATE OF INSTALLATION

Michigan November 1974
Newport December 1974
Wisconsin January 1975

South Dakota August 1975
Sudbury August 1975

. Florida June 1976
California November 1977

,%



2.0 Specific Tasks of the Contract

2.1 "Develop a reconfiguration of the data acquisition
station to replace obselete equipment thus allowing the use of
more advanced analysis methods and the use of equipment which
had not yet been interfaced."

The digital data from each station of the Network were
transmitted to AFGL, Bedford, on a dedicated Western-Union
circuit, received and decoded by a minicomputer and stored on
magnetic tape by a dedicated minicomputer. The archived data
then were processed on the same minicomputer, the Varian V72,
with the VORTEX I operating system and 32k memory. The
operating system of this computer had been so modified and was
so old that it was no longer serviced by the manufacturer and
had proved to be too small for the tasks required in reducing
the data to acceptable magnetograms and cleaned, edited and
reformatted user tapes. In the Spring of 1982, the decision
was made to update the minicomputer facilities. After much
planning and consideration of many different computer
configurations, it was decided to purchase a V77-810, with
VORTEX II G.1 operating system and 128K memory from
Sperry-Univac,(successor to Varian) primarily because the
existing software was built for the Univac system and much
peripheral equipment had been adapted to the Univac system.

.* The planned configuration of the computer system is shown in
*Figure 3.

Purchase of the minicomputer and associated units was

initiated in September 1982. The units were delivered in March
1983. The system was fully operative in July 1983. The
production of magnetograms and data tapes will be described in
a later section.

2.2 "Develop improvements in the instrumentation of the
remote network of stations to upgrade the performance and
reduce the vulnerability to malfunction."

In the event of a malfunction of components at a station,
the normal procedure was for Weston personnel to join AFGL
personnel in a visit to the site. If the failure could be
repaired on site, it was done. If the malfunction was severe,

*the equipment was returned to Weston for repair. To reduce the
amount of travel and to speed the return to operation of the
stations, Dr. Knecht of AFGL arranged for the assistance of Air
Force personnel at each site. The designated individual was
notified by phone of the problem. Then repairs were made under
telephoned directions from Weston. Each station had a supply
of 'most likely to fail' components and very detailed drawings
of the electronic circuits. In the term of this contract, the
Florida station was refurbished. There was serious damage
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done to the searchcoil electronics at Wisconsin by lightning;
the repairs were made.

Plans were made to build a replacement for the electronics
of the searchcoil magnetometer using state-of-the-art
techniques in linear integrated circuits and modular assembly.
Additional protection against lightning was planned. Lack of
funds and the prospect of early termination of the Network
inhibited construction.

A major cost of the operation of the Network was the use
of dedicated phone lines. Thought was given to the design of
on-site storage of the data and of automated interrrogation and
transmission of the data at a time of day when the phone costs
would be minimal. But from July to December 1983, there were
no further efforts (or funds) to implement the proposal in view
of the scheduled shutdowm.

2.3 "Conduct studies for the monitoring and prediction of
magnetic disturbances."

AFGL was interested in the prediction of magnetic
disturbances which might interfere with communications systems.
The data gathered by the Network were used to define those
conditions in the external magnetic field of the earth which
might be used to predict geomagnetic disturbances. Ground
based magnetic recordings provide a measure of the geomagnetic
field vector as a function of time. This vector measures a
combination of the external magnetic field and the internal
magnetic field induced in the conducting earth by the varying
external field. Hence a separation of the two fields is
necessary to the definition of the external field. In this
context it is important to be aware of the earth's geologic
structure and its expression in terms of the nonuniform
electrical conductivity of its mineralogy. The behavior of a
uniform conductor in the presence of a varying magnetic field
is relatively easy to predict. The nonuniform character of the
earth's conductivity makes the prediction of internal magnetic
fields quite difficult. In fact the global average electrical
conductivity structure of the earth is not well known.
Detailed knowlvdge of crustal and upper mantle electrical
conductivity has been defined for only a few areas where
extensive magnetic or magnetotelluric surveys have been made.

Because the separation of internal and external magnetic
fields is so crucial to an exact definition of the external
field, we decided to try to define the conductivity structure
beneath and adjacent to the stations of the Network. Knowing
the local conductivity structure, we might be able to predict
the internal magnetic field induced by specific external
fields. Gauss (3) showed that there is a unique solution to
the problem of the separation of the internal and extern*l
fields. The ratio of the internal to the external field,

3



derived from the ratio of Z/H or Z/D, can be used as a
nonunique measure of the earth's electrical conductivity.

From AFGL we acquired the first three months of data for
the year 1979. The period of the magnetic variation
determines, along with the conductivity, the depth of
penetration of the inducing field. The data must be Fourier
analyzed to achieve the separation of periods. Because there
is a wide range of periods, we separated the period domain into
three parts, periods greater than two days, periods associated
with the daily variation (24,12,8,6,4 hours) and periods less
than two hours. Different methodologies were developed to deal
with each period range.

The input to the analysis of the long period variations
was the hourly averaged values of H and Z. We should note that
due to instrumental failures or phoneline interruptions, there
are data gaps lasting variously for minutes, hours or days; we
do not have a data set of ninety days. Uninterrupted intervals
of data were detrended, zero-meaned, smoothed with a three
point phase-distortionless filter, then Fourier analyzed. The
components, l(North), D(East), Z(Vertical) of the total field
are defined:

Z(f)- (nE(f) - (n+l)I(f)) Pn,m(e)

R(f)= ( + P'n,m(S)
D(f)- (E(f) + I(f)) Pn,m(e)/sin(e)

where P(n,m), P'(nm) are the Associated Legendre polynomials
(funtions of latitude) and their derivatives; E and I are the
external and internal fields. Separation of internal and
external fields requires knowlwdge of the latitudinal (n) and
longitudinal (m) character of the inducing field. Normally,
separation of the fields demands data at a large number of
latitudes. Since five of the stations are at the same
latitude, mode separation by the standard least squares
technique is not possible. We simply assumed that the P(I,0)
mode, indicative of a ring current, was the prevailing source
and attempted separation at each station from the ratio of Z/H.
Only after stacking many spectra of 10 days of data could a
P(l,O) mode be assumed. Even then the results were far from
satisfactory, clearly insufficient to define a conductivity
profile for the deep mantle beneath the stations. For long
periods (10 days) the penetration depth was 1000-1200 km.; the
conductivity was high, 5 mho/m. But the results for all
periods are not internally consistent; for example, the depth
of penetration for the five day period is nearly the same as
that for the ten day period, but the conductivity is much
larger. The expectation is that a longer period would
penetrate deeper to a zone of higher conductivity.

The analysis of the daily variation is simplified because
we know the longitudinal dependence,m, (submultiples of a
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period of one day) and the latitudes. The hourly mean values
of H, D, Z are Fourier analyzed day by day and the ratios Z/H,
Z/D are analyzed by the Schmucker methodology (4) to determine
the depth of penetration and the conductivity at that depth.
Again the results are far from satisfactory. Figure 4 shows
the spread of the values in both amplitude and phase of the
ratios at the 24 hour period for all useable data (days on
which there are no missing values) from all the stations.
These unsatisfactory results prompted a review of the data.
Figure 5 shows a data interval at the South Dakota station.
The obvious transients will generate an erroneous spectrum; all
further analysis depends on the spectrum. To continue the
analysis, the data, sampled at one minute intervals, will have
to be carefully scanned to remove such transients and the
hourly values recalculated.

A function, known as the single station transfer function,
can be used at higher periods (shorter than two hours) to give
a qualitative estimation of the change of conductivity with
frequency. The basic notion is that the internal field is made
up of a normal part due to uniform conductivity and an
anomalous part due to a departure from normal conductivity.
This departure will produce an anomalous Z component, generated
by a horizontal component in the anomalous conductor. If it is
assumed that the normal Z is negligible and does not correlate
with the other two horizontal components and that the anomalous
parts of the horizontal fields are small, then we write:

Za m AH + BD + error.

A and B are referred to as the single station transfer
functions; all quantities are complex. Finding A and B
requires Fourier transformation of data intervals(sampled once
a minute) which contain short period variations. Many samples
of the transforms at a single period are used to solve the
equation by least squares. The error is a measure of how well
the assumptions are satisfied. The transfer functions are used
to calculate induction arrows (both real and quadrature) which
point toward or away from anomalous conductivity structures.
Figures 6 and 7 show samples of the real induction arrows for
two of the sites. Knowledge of the regional geology will aid
in identifying the anomalous conducting structure.

Work on this topic ceased at the end of December 1983 when
a modification of the work statement became effective. We have
learned, with respect to the long period data: (1) that
significant results demand very careful scanning of the

V minute-average component values to remove all transients, and
(2) that because the D component has significant power at long
periods, the assumption of a P(1,0) source is not always valid.
At 55 degrees North magnetic latitude, the auroral zone returnI currents contribute a considerable K-W magnetic field which is
incompatible with the assumption of the P(l,0) source. With

regard to the daily variation, it may be better examine4
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through complex demodulation. This is a method of averaging
intervals of continuous days of data and gives, in the time
domain, a measure of the variability and phase of the
components of the daily variation. As well, the day by day
spectra should be separated into classes, based on the rms of
the variations because the external field is different for
quiet and disturbed days. Figures 6 and 7 show relatively
consistent vectors indicating conductivity anomalies. There is
suspicion that we have analyzed only variations which are due
to the dominant polarization of the source field. A search
must be made in the daily magnetograms for a variety of
polarizations

2.4 In the final phase of the contract there were two
tasks: (1) assist AFGL in the disassembly of the stations and

"-' (2) process the archived data of the Network.

Several research organizations petitioned the Air Force to
acquire the equipment of the Network. When the disposition of
the equipment is final, the organizations will aid in the
removal of the equipment from the sites.

Our research assistant, Armand Paboojian, has authored a

Technical Report(5) which describes in detail the editing of

the archived tapes on which the raw data from the seven Network
stations were recorded. The structure and data content of the
archived tapes have been described by Knecht (6). The edited
tapes have either a one-second or a one-minute (averaged)
sampling interval and are written in a tape format compatible
with computers used at AFGL and World Data Center-A. Detailed
instructions are given for each of the computer programs used
in the process as well as for the basic operation of the
Network minicomputer. The procedure is highly automated and
the description is sufficient to permit its being carried out
by an untrained operator. The data processing, for the most
part, was carried out by our student (both high school and
college) assistants who quickly became very skillful computer
operators.

it must be emphasized that we have processed only the
fluxgate magnetometer data. The data from the induction coil
magnetometers have not been processed. Tapes of the fluxgate
magnetometr data for every month of the period 1978-1983 have

been deposited in the World Data Center-A, Boulder Colorado.
Daily magnetograms for each station are to be published by the
Air Force. In this way the magnetic variation data of the
Network are available to the scientific community.

3.0 Conclusion

The Air Force Magnetometer Network, in its entirety,
operated for more than six years. In the later stages of its

6



existence the minicomputer facilities for the processing of the
data were expanded. After recording ceased on December 30,
1983, all the fluxgate data were processed and sent to World
Data Center-A from where it is available to interested
researchers. Initial attempts to define the electrical
conductivity of the earth in the vicinity of the stations were
quite inconclusive but have clearly defined the problems and
have produced protocols for further investigation.
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